Marine eukaryotic phytoplankton adapt to low phosphorus (P) in the oceans through a variety of step-wise mechanisms including lipid substitution and decreased nucleic acid content. Here, we examined the impact of low P concentrations on intracellular metabolites whose abundances can be quickly adjusted by cellular regulation within laboratory cultures of three model phytoplankton and in field samples from the Atlantic and Pacific Oceans. We quantified the relative abundances of monophosphate nucleotides and their corresponding nucleosides, using a combination of targeted and untargeted metabolomics methods. Under P-deficient conditions, we observed a marked decrease in adenosine 5 0 -monophosphate (AMP) with a concomitant increase in adenosine. This shift occurred within all detected pairs of monophosphate nucleotides and nucleosides, and was consistent with previous work showing transcriptional changes in nucleotide synthesis and salvage under P-deficient conditions for model eukaryotes. In the field, we observed AMP-to-adenosine ratios that were similar to those in laboratory culture under P-deficient conditions. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.
Scientific Significance Statement
Phosphorus (P) is a central element in cellular metabolism that can limit primary production of eukaryotic phytoplankton in the ocean. Adaptation to low P is known to drive metabolic restructuring in eukaryotic phytoplankton, but the specific adaptive responses of cellular metabolites are poorly understood. Here we show that three model phytoplankton alter their metabolites under P deficiency, relative to P-replete conditions. We present evidence for a new model of P allocation within cells, where monophosphate nucleotides can act as a flexible P storage pool, allowing rapid and dynamic distribution of P to cellular processes.
It is increasingly recognized that phosphorus (P) can limit primary production and carbon export, and shape phytoplankton community composition in the ocean (reviewed by Karl 2014) . A number of strategies have been identified for mitigating the metabolic impacts of P deficiency in phytoplankton. These include increased scavenging from the surrounding environment through upregulation of inorganic P transporters and enzymes to access dissolved organic phosphorus (DOP; Ammerman and Azam 1985; Dyhrman et al. 2012) as well as structural changes such as the substitution of P-based lipids with sulfur-based lipids (Van Mooy et al. 2009; Martin et al. 2011 ). Many of these P deficiency responses show conservation across other functional groups of eukaryotic phytoplankton (reviewed by Dyhrman 2016) .
Investigations to date have understandably focused on the largest intracellular P stores such as lipids, nucleic acids, and polyphosphate. However, the extent to which minor P stores are scavenged under low P is largely unknown (Karl 2014) but could prove important to maintenance of P homeostasis. For example, nucleotides carry up to three phosphate groups (e.g., adenosine 5 0 -mono-, di-, and triphosphate: AMP, ADP, and ATP, respectively), and play critical roles in cellular energy balances and phosphorylation capabilities. While it is reasonable to assume that phosphate-containing nucleotides would be subject to cleavage under P deficiency, few studies have explicitly examined the impact of low P on the dynamics of these critical metabolites. Instead, most studies have tacitly assumed that this pool is impervious to P deficiency due to its critical role in P homeostasis. However, similar investigations with nitrogen (N) deficiency have observed reduced concentrations of N-rich metabolites such as amino acids (Bromke et al. 2013) in N-deficient cultures of the centric diatom Thalassiosira pseudonana, concurrent with biochemical indicators of catabolism of the same amino acids (Hockin et al. 2012) .
The overall metabolic response of an organism to nutrient limitation can be elucidated with metabolomics, or the study of molecules produced by a cell during metabolism and growth. These data provide unique insights into a cell's physiological state through the description and quantification of primary and secondary metabolites (Poulson-Ellestad et al. 2014 ). Yet, metabolic profiling studies under nutrientlimiting growth conditions are rare, relative to transcriptome or proteome investigations.
Metabolomics complements gene-based omics techniques by quantifying metabolic intermediates within active biochemical pathways. "Untargeted" metabolomics is used to describe, semi-quantitatively, all metabolites within a cell that can be detected with a chosen analytical method; thus it is appropriate for open-ended exploration of metabolic intermediates (Patti et al. 2012) . In contrast, "targeted" metabolomics is used to quantify a pre-determined group of metabolites for precise cellular dynamics and assessment of relative rates of different metabolic pathways (Kido Soule et al. 2015) . Metabolomics studies thus offer critical insights into cellular physiology that cannot be attained from other omics approaches.
In this study, we used untargeted and targeted metabolomics to examine the effect of low P on intracellular metabolites, in general, and on nucleotide abundances, specifically. We sought to understand how cells maintained critical P-dependent processes in the face of P deficiency. To answer this question, we quantified the relative abundances of intracellular nucleotides and nucleosides within three model phytoplankton and compared our laboratory-derived patterns to field observations.
Materials and methods

Overview
In this study, we cultured three phytoplankton-a diatom (Thalassiosira pseudonana), a prasinophyte (Micromonas pusilla), and a pelagophyte (Aureococcus anophagefferens)-under P-replete and P-deficient conditions. The chosen conditions facilitated comparison with published transcriptome and proteome data (Wurch et al. 2011a; Dyhrman et al. 2012; Whitney and Lomas 2016) . We examined the relative abundances of intracellular monophosphate nucleotides (NMPs) and nucleosides in P-replete relative to P-deficient conditions. Metabolites observed in both targeted and untargeted methods showed similar trends across samples both within the diatom experiment (Supporting Information Fig.  S1 ) and in complementary work (Johnson et al. 2016) , facilitating comparisons across datasets. We then quantified particle-associated AMP and adenosine in field samples for comparison with our laboratory results. Detailed methods are provided in the Supporting Information.
Laboratory cultures
We cultured axenic T. pseudonana (CCMP 1335) in a modified L1 media with two phosphate conditions (Table 1) for two transfers prior to the start of this experiment, with a modified semi-continuous culturing method. The experiment contained two replicate cultures and one cell-free control for each treatment (12 flasks total for each treatment). We sampled one set of flasks destructively 0, 2, 8, and 10 days after inoculation. T. pseudonana cell abundances were calculated by converting the TOC concentrations using the value of 5.94 pg C cell 21 from Montagnes et al. (1994) . The cultures were maintained under a 12 : 12 light : dark regime (84 lmol m 22 s 21 ). We cultured axenic M. pusilla (CCMP 1545) under the same conditions as T. pseudonana. Samples for metabolomics were removed during exponential growth (day 6 in P-replete, day 4 in P-deficient) and at the onset of stationary growth (day 13 in P-replete and day 5 in P-deficient). We cultured axenic A. anophagefferens (CCMP 1984) in a modified L1 media, monitoring growth by relative fluorescence, and harvested cells for metabolite analyses at the onset of stationary phase. Growth conditions for the T. pseudonana transcriptome cultures are described in Dyhrman et al. (2012) .
Metabolomics
For all laboratory samples, we captured cells on 0.2 lm Omnipore (Millipore) filters by gentle vacuum filtration, and extracted intracellular metabolites using a method modified from Rabinowitz and Kimball (2007) . The extracts for targeted mass spectrometry analysis were dissolved in 95 : 5 (v/ v) water : acetonitrile with deuterated biotin as an internal injection standard, and then analyzed with a C 18 liquid chromatography (LC) column coupled to a Thermo Scientific TSQ Vantage Triple Stage Quadrupole Mass Spectrometer (Kido Soule et al. 2015) . All reported concentrations are relative to an external calibration curve. We report fold changes and relative ratios wherever possible, i.e., when the denominator was not zero.
We desalted extracts for untargeted metabolomics prior to LC/MS analysis. We redissolved dried extracts in 0.01 M hydrochloric acid and re-extracted them using a 50 mg/1 cc PPL cartridge following the protocol of Dittmar et al. (2008) . The resulting methanol extracts were dried, dissolved in 95 : 5 water : acetonitrile with deuterated biotin and analyzed in negative and positive ion modes with LC preseparation coupled to a 7-Tesla Fourier-transform ion cyclotron resonance mass spectrometer (FT-ICR MS). Parallel to the FT acquisition, we collected four data dependent fragmentation (MS/MS) scans at nominal mass resolution in the ion trap (LTQ). In this dataset, a mass spectral feature, or a putative metabolite, is defined as a unique combination of a mass-tocharge (m/z) ratio and a retention time along a LC gradient.
Although untargeted metabolomics data are not fully quantitative, relative changes in feature (or metabolite) abundance can be discerned and statistically evaluated.
Comparison to previously published transcriptomes
We used the P-replete and P-deficient transcriptomes of T. pseudonana from Dyhrman et al. (2012) to survey the transcriptional responses related to purine and pyrimidine metabolism. We identified sequence tags with 100% identity to the T. pseudonana v3 genome (http://genome.jgi.doe.gov/ Thaps3/Thaps3.home.html) (Armbrust et al. 2004) and assessed the statistical significance in differential expression of tags between P-replete and P-deficient conditions using Analysis of Sequence Counts (Wu et al. 2010) . We predicted potential functionality of genes linked with metabolites with the Kyoto Encyclopedia of Genes and Genomes annotations from the T. pseudonana v3 genome. We manually searched targets of interest that were absent in the predicted pathways using BLASTX v2.2.271 (e-value 5 10 e -5) (Altschul et al. 1997) . We then used Pathview (Luo and Brouwer 2013) to simultaneously plot the transcriptomics and metabolomics data on the biochemical pathways for T. pseudonana.
Field samples
Suspended particles from the Atlantic Ocean were collected in April and May 2013, from Uruguay to Barbados (388S to 108N). We collected water using Niskin bottles and filtered cells from 4 L onto pre-combusted GF/F glass-fiber filters (nominal pore size: 0.7 lm). Field samples from the Pacific Ocean (Line P) were collected in May 2012 in the same way except that cells from 2 L were filtered onto precombusted GF/A glass-fiber filters (nominal pore size: 1.6 Fig. 1. Growth curves for T. pseudonana (top), M. pusilla (middle), and A. anophagefferens (bottom); for all, pink symbols represent P-deficient treatments and green symbols represent P-replete cultures. For T. pseudonana, growth was monitored using changes in total organic carbon concentrations; for M. pusilla, growth was monitored using cell counts; and for A. anophagefferens, growth was monitored using fluorescence. Insets are provided for the top two cultures to better visualize the low, but positive, growth. Metabolomics samples were collected on days 0, 2, 8, and 10 for T. pseudonana, on days 4 and 5 for P-deficient M. pusilla, on days 6 and 13 for P-replete M. pusilla and on day 7 for A. anophagefferens. lm). We conducted procedural blanks for metabolomics analysis (using Milli-Q water) at the beginning and end of both field campaigns. We stored all filters at 2808C until extraction using the protocols described above. Salinities and fluorescence values are the average values (between 4.5 and 5.5 m) for each station collected on the downward CTD cast. Fluorescence values were then normalized to the highest value measured at these depths for the cruise.
Results
P deficiency affects growth rate and broad distribution of intracellular metabolites
In this study, we compared the metabolite response in three phytoplankton species under two P conditions, with the intention of imposing P deficiency with our lower P treatment. Consequently, we use the term "P deficiency" to conservatively describe any sample from a low-P treatment. In all cultures, P deficiency had a significant impact on phytoplankton growth (Table 1 ; Fig. 1 ). For M. pusilla, cell counts during the acclimation period confirmed growth under P deficiency (Supporting Information Fig. S2 ). We lack similar data for T. pseudonana but visual inspection of cultures showed growth prior to each transfer and carbon measurements during the experiment confirmed low, but positive, growth. However, these data cannot constrain whether T. pseudonana was in stationary or exponential growth at our different sampling points. In all three phytoplankton experiments, P deficiency affected the intracellular metabolite abundances across the targeted and untargeted metabolomics datasets (Table 1) . We detected thousands of features at least once in the intracellular untargeted data from each treatment (Table 1) , after blank correction. In the diatom culture, we detected the bulk of the features (4019) in both treatments, consistent with earlier metabolomics studies with these methods (Johnson et al. 2016 ) and expectations that intracellular features represent core metabolic pathways (Dettmer et al. 2007) . After normalization to diatom biomass, 462 features exhibited significantly higher abundances at all time-points under P-replete conditions; similarly, 121 features exhibited significantly higher abundances under P-deficient conditions.
Nucleotide concentrations are affected by P deficiency
Of the significantly modulated features, we focused on intermediates within the purine and pyrimidine metabolic pathways (Supporting Information Table S1 ; Fig. S2 ). Combined, the targeted and untargeted metabolomics data revealed notable shifts between nucleosides and NMPs under the two growth conditions (Fig. 2) . These molecules serve as precursors to the di-and tri-phosphorylated nucleotides (e.g., ADP, ATP; not measured in this study) and are the primary products of RNA degradation.
Under P-replete conditions, T. pseudonana contained detectable intracellular concentrations of nucleotides such as AMP ( Fig. 2; Supporting Information Fig. S3 ) and inosine 5 0 -monophosphate (IMP; Fig. 2 ). In contrast, we did not detect these P-containing molecules in the intracellular metabolite pool under P-deficient conditions. Instead, we observed elevated nucleosides at all time points under P deficiency. For example, adenosine and inosine were elevated and positively correlated to one another (Spearman's r 5 0.9076, p-value 0.0001). Similarly, the NMPs were correlated across the dataset (for AMP and IMP: Spearman's r 5 0.9166, p-value 0.0001). We observed a parallel pattern in the pyrimidine pathway (Supporting Information Fig. S2B ), where the pyrimidine-based NMPs were all elevated relative to their nucleoside counterparts such as cytidine (Supporting Information Fig. S4 ) in P-replete T. pseudonana (Fig. 2) . Not all nucleoside and NMP concentrations had statistically significant differences between treatments (Fig. 2) , but all NMPnucleoside pairs exhibited similar overall patterns across all time-points (Supporting Information Table S2 ). We estimated the minimum concentration of NMPs in a P-deficient cell would be 0.0005 amol, well below our detection limit (Supporting Information Calculation S1). Thus P-deficient cells in our experiments could reasonably contain the necessary, albeit undetectable, NMPs for nucleic acid synthesis during growth.
A conservative comparison between the T. pseudonana metabolic profiles and transcriptomes (Dyhrman et al. 2012) 
Fig. 2. Relative concentrations of nucleosides and nucleotides in phos-
phorus (P)-replete and P-deficient conditions for the diatom T. pseudonana. The average concentration across all sampling points for each treatment is presented after normalization to the maximum value of each metabolite across the sample set (numerical values in each block). This normalization enables the comparison of targeted and untargeted datasets. The color bar provides the scale used for the colors, where orange represents the maximum value and blue represents the minimum value. Example structures are provided for the nucleobase adenine, the nucleoside adenosine and the nucleotide, adenosine 5 0 -monophosphate (AMP). (*) indicates statistically significant differences between the two treatments. Individual data from each sampling point is available in Supporting Information Table S2 . generated from similar treatments but different experiments, revealed relationships between transcripts and metabolites in the purine and pyrimidine pathways (Supporting Information  Table S3 ; Fig. S2 ). Multiple genes in the T. pseudonana purine metabolic pathway had significantly different numbers of transcripts under P-replete compared to P-deficient conditions ( Fig.  3 ; Supporting Information Fig. S2A ; Table S3 ). One of the most highly expressed genes under P-deficient conditions was a phosphohydrolytic 5 0 -nucleotidase that cleaves phosphate from NMPs to generate the nucleosides. In addition, there were significantly higher numbers of transcripts under P-replete conditions for an adenosuccinate synthase, which catalyzes the conversion of IMP to AMP, and adenosine kinase, which controls production of AMP from adenine (Fig. 3) . These patterns suggest that diatoms transcriptionally control nucleotide production under P-replete conditions through the de novo biosynthesis and salvage pathways, and scavenge P from nucleotides under P-deficient conditions.
Nucleotide concentrations in other phytoplankton are affected by P deficiency
We examined the generality of our observations in other eukaryotic phytoplankton by quantifying AMP and adenosine in cultures of M. pusilla and A. anophagefferens under P-replete and P-deficient conditions (Table 2 ; Fig. 4 ). Similar to T. pseudonana, the relative concentrations of AMP in A. anophagefferens and M. pusilla increased under P-replete conditions, while adenosine content increased under P-deficient conditions. Both species upregulate a 5 0 -nucleotidase gene (Wurch et al. 2011b; Whitney and Lomas 2016) under P deficiency, parallel to the response seen in T. pseudonana. In A. anophagefferens, the 5 0 -nucleotidase protein product is also up regulated (Wurch et al. 2011a) . In cultures of M. pusilla, a cosmopolitan prasinophyte, we observed the same shifts in AMP and adenosine but over a narrower range, suggesting either intrinsic variability in the magnitude of the metabolite restructuring between taxa or variability as a function of relative levels of P deficiency. In summary, despite unavoidable variability in culture conditions across laboratories, P deficiency consistently resulted in a relative decrease in AMP, an increase in adenosine, and an increase in transcripts for a 5 0 -nucleotidase that could dephosphorylate AMP to produce adenosine.
Liberation of P from NMP dephosphorylation provides a significant quantity of P under P deficiency Although critical to central metabolism, nucleotidebound P has typically been viewed as an insignificant component of cellular P relative to P-containing biopolymers (C) AMP to adenosine ratios in field (circles) and culture experiments for A. anophagefferens (triangles), M. pusilla (diamonds), and T. pseudonana (squares) grown under P-replete (green) and P-deficient (pink) conditions. Dashed outlines indicate estimated phosphate concentrations at the method detection limit. A log-log scale is presented to allow all data to be visualized appropriately on one figure. Where available, the mean and one standard deviation of biological replicates at a time-point are presented. Zero concentration values for adenosine and AMP are highlighted.
such as nucleic acids. If we assume that P is liberated by NMP de-phosphorylation only once within a growth cycle, de-phosphorylation of the observed NMPs liberates 0.08-0.4% of total cellular P (depending on P cell quota; Supporting Information Calculation S2). However, we posit that the flux through a minimal standing concentration of NMPs will need to be high to maintain P homeostasis in P-deficient cells, thus liberating P many times over a growth cycle. We calculate the total amount of P moving through this cycle by first defining the amount of P needed to replicate cell biomass with the observed doubling time (23 days). If we use 0.67 fmol P as our estimate for P cellular quota (Supporting Information Calculation S2), a cell must assimilate 0.02 fmol P day 21 to acquire the necessary P. In comparison, the empirical relationship presented in Perry (1976) estimates that P-deficient diatoms assimilate P at a rate of 0.2 fmol day
21
. If we conservatively assume no recycling of nucleic acids, the difference between the assimilation rate predicted by Perry (1976) and the minimal assimilation rate calculated here represents the amount of phosphate liberated through this pathway, or (0.2-0.02 fmol) day 21 * 23 days 5 4 fmol P.
We examined the sensitivity of this calculation to growth rate as well as cellular P quota. For the higher cell quota of 2 fmol P and the observed growth rate, the amount of P available would be 2.5 fmol P. Using a higher growth rate (doubling time 5 10 days; Dyhrman et al. 2012) , the amount of P available would 3 fmol P, assuming the lower P-deficient cell P quota. Only when we combine the higher cell quota with the higher growth rate do we see negligible liberation of P via this mechanism. Given the uncertainties in P-deficient cell quotas and growth rates for P-deficient cells, we estimate that the total P released through rapid NMP dephosphorylation could be the same order of magnitude as the structural Psparing strategies of lipid substitution (3 fmol; Martin et al. 2011) .
Field AMP and adenosine concentrations are similar to laboratory observations for P deficiency If this is a widespread adaptation to P deficiency in the eukaryotic phytoplankton, then the nucleotide to nucleoside ratio should be low in oligotrophic (low P) environments when eukaryotic phytoplankton are present. We quantified adenosine and AMP using targeted metabolomics in particulate samples collected from 5-m depth in the Atlantic and Pacific Oceans. We then compared AMP to adenosine ratios in field and culture samples as a function of inorganic P concentrations (Fig. 4) . In the T. pseudonana culture, AMP: adenosine is representative of the shift observed in all nucleotides between the two P conditions. In the field, this ratio is a more tractable measurement than the adenylate charge (ATP 1 1 =2 ADP)/(ATP 1 ADP 1 AMP) due to the challenge of quenching metabolism quickly enough (within 30 s) to accurately preserve this intracellular ratio (Villas-Boas and Bruheim 2007) . Sample filters contained eukaryotes such as diatoms, haptophytes, dinoflagellates, and picoeukaryotes, as well as cyanobacteria and particle-associated bacteria. Even with this increase in microbial diversity in filter samples, we observed AMP-to-adenosine ratios that were quite similar to those observed for our laboratory cultures under P-deficient conditions. Higher field AMP: adenosine values could be due to many factors, including species-derived variability in AMP: adenosine and broad differences in nutrient distributions. Indeed, the highest ratio in the Atlantic Ocean was sampled in the Amazon River plume, which was characterized by high nutrients, low salinities and high surface chlorophyll fluorescence relative to other sampling sites (Fig. 4) . Further work over a range of P environments would help confirm the consistency of the AMP to adenosine ratios as a function of exogenous P concentration or physiological metrics of P deficiency.
Discussion
The combination of transcripts and metabolites studied here point to a new view of P allocation within P-deficient eukaryotic phytoplankton-specifically, that NMPs serve as a dynamic and flexible pool of P for critical energy balance and P homeostasis. We observed uniformly depleted concentrations of NMPs, relative to nucleosides, under Pdeficient growth in laboratory cultures of three model phytoplankton. These metabolic shifts appear to be transcriptionally controlled, and the results imply that nucleotides are critical to P homeostasis. Dyhrman et al. (2012) previously attributed the strong pattern of 5 0 -nucleotidase induction in T. pseudonana to the utilization of exogenous DOP. However, the metabolite profiles in this study suggest that the 5 0 -nucleotidase is acting on intracellular substrates, at least in part. The prevalence of this metabolic shift is further supported by previous studies in marine eukaryotic phytoplankton, where P-deficient conditions were associated with the induction of transcripts and proteins encoding 5 0 -nucleotidases (Wurch et al. 2011a,b; Dyhrman et al. 2012; Forster et al. 2014; Whitney and Lomas 2016) as well as enzyme activities with an affinity for nucleotides (Dyhrman and Palenik, 2003; Xu et al. 2013) , and enzymes of the purine and pyrimidine pathways (Yang et al. 2014; Feng et al. 2015) . Given that variations in physiology can occur between experiments with the same species, the degree of synergy in these disparate data types from separate experiments is striking, and may underscore that phosphate scavenging from NMPs is not a transient response, but one that is a strong and sustained reflection of a low P environment. The P-modulated changes in the pyrimidine and purine pathways observed herein may be present even more broadly in microbial eukaryotes, as the accumulation of nucleosides was also observed in studies with yeast, where P-deficient growth led to higher cell-normalized concentrations of adenosine, inosine, and other nucleosides (Boer et al. 2010; Ljungdahl and Daignan-Fornier 2012) . Further, a nucleotidase that scavenges the phosphate group from NMPs derived from RNA degradation is central to yeast's survival under P deficiency (Xu et al. 2013) . We calculated that movement of P through a vanishingly small NMP pool could provide a quantitatively significant source of P to prioritize the most critical cellular processes. Indeed, the conversion between ADP and ATP is the central energy currency of the cell and these reactions must be maintained, even in the face of P deficiency. Studies in yeast, a model eukaryote, show that ATP levels are affected by P deficiency, but are never fully depleted (Boer et al. 2010 ). In summary, P deficiency induces shifts between NMPs and nucleosides among disparate eukaryotic taxa, suggesting that scavenging of P from NMPs may be common and an evolutionarily conserved feature of P homeostasis in microbial eukaryotes. Although 5 0 -nucleotidases in marine cyanobacteria and heterotrophic bacteria are not generally upregulated as a function of P deficiency (Ammerman and Azam 1985; Tammienen 1989) , recent metabolic modeling work implicates P recycling mechanisms such as this in the response of the cyanobacterium Prochlorococcus marinus to P deficiency (Casey et al. 2016) . The environmental shift in the particulate nucleotide to nucleoside ratios is likely to concomitantly impact dissolved organic matter, as some fraction of these and other cellular metabolites will be exuded by the cell during growth, viral lysis or microzooplankton grazing (Moran et al. 2016) . Dissolved concentrations of triphosphate nucleotides (e.g., ATP) have been measured in seawater for decades (Azam and Hodson 1977; Bj€ orkman and Karl 2001) as a small fraction of the DOP standing stock (Bj€ orkman et al. 2000) . In contrast, few measurements of AMP are available (Karl and Holm-Hansen 1978) and thus its contribution to DOP is unknown. In general, nucleotides (mono-, di-, and tri-phosphate) are highly bioavailable to both marine prokaryotic and eukaryotic microbes, particularly when phosphate concentrations are low (Azam and Hodson 1977; Nawrocki and Karl 1989; Bj€ orkman and Karl 1994) . The metabolomics data presented here suggests, however, that these highly labile molecules are depleted in eukaryotic phytoplankton under low P and thus would not enter the dissolved organic matter pool to an appreciable extent.
Low-P environments in both the Atlantic and the Pacific exhibit similar AMP-to-adenosine ratios to those in culture, suggesting that scavenging of nucleotide phosphate is occurring in eukaryotic phytoplankton field populations. Incubation studies are needed to assess the temporal sensitivity of this ratio to P concentrations, the flux of P through NMPs, and the reversibility of low AMP to adenosine ratios under P addition. Despite these uncertainties, the similarity of field ratios with those in our culture experiments indicates that NMPs may play a more important role in environmental P homeostasis in marine eukaryotic phytoplankton than was previously appreciated. When P is low, cells need a flexible storage pool from which to distribute P quickly among cellular phosphorylation processes such as energy balance and signal transduction. NMPs could provide such a pool of P, allowing eukaryotic cells to use the NMP pool as their wallet, living from paycheck to paycheck, redistributing their P currency as needed to maintain cellular processes.
